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Abstract 
This article, based on authors’ long-term study, proposes an improved foamed-Ni-packed phase-change thermal storage canis-
ter, which takes advantage of the foamed-Ni characteristic of instinctive porous structure and excellent properties to ameliorate 
its void distribution and thermal conductivity. The improved canister and the unimproved one without foamed-Ni package, are 
put to heat absorbing and releasing tests to investigate the effects of heat absorbing temperature upon the phase-change materials 
(PCM) melting time under three temperature schemes by using platinum resistance thermometers (PT100) and data acquisition 
modules (ADAM-4000) to gather the data of varying temperature. Afterwards, the computerized tomography (CT) is employed 
to scan the void distribution in both canisters. Compared to the unimproved canister, the experimental results evidence the supe-
riority of the improved one in higher uniformity in void and temperature distribution as well as faster thermal responses. 
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1. Introduction 
As an effective way to use the phase-change materi-
als (PCM) to absorb and release large amount of heat 
during melting or solidifying, the phase-change ther-
mal storage technology has found ever-widening ap-
plication. Many works have been dedicated to the im-
provement of the performances of phase-change and 
heat transfer in thermal storage systems[1-7]. Also, the 
common methods, such as using finned containers or 
packing with high conductivity material in the PCM, 
etc. have been proved efficacious to enhance the heat 
transfer to some extent.   
Different from the above-cited researches, this arti- 
cle focuses not only on the heat transfer enhancement 
but also on the part that the void distribution in PCM 
can play. In order to improve the void distribution and 
thermal performances of phase-change thermal storage, 
the improved PCM canisters, packed with foamed-Ni, 
are designed and manufactured. Experiments with both 
the improved and the unimproved canisters are per-
formed on heat absorption and releasing. During experi- 
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ments, temperature variations of both canisters are 
registered and stored by platinum resistance ther-
mometers (PT100) and data acquisition modules 
(ADAM-4000). Their void distributions then are im-
aged by a computerized tomograply (CT) scanner 
after experiments. By comparing the experimental 
results from both canisters, the merits of the im-
proved canister are confirmed in terms of higher 
uniformity in void and temperature distribution faster 
thermal response.  
2. Review of Previous Works 
The void distribution is one of chief concerns in the 
study of phase-change thermal storage. As the density 
of liquid is inherently much lower than solid, voids 
appear inevitably in PCM during its solidifying.  
Presence of voids leads to increased heat resistance, 
which causes localized high temperature rise and con-
centrated thermal stress resulting in formation of “hot 
spot” and “thermal ratcheting” on the wall of canisters 
thus decreasing the thermal performances and struc-
tural reliability of canisters. This has pursued a number 
of researchers to investigate the effects of void distri-
bution on thermal storage[8-18]. 
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Developed since late 1980s and as a sort of func-
tional materials, foamed metal has found broader and 
broader application due to its porous structure and 
ensuing featured properties. This article suggests 
packing the PCM canisters with the foamed-Ni filling 
material to improve void distribution and thermal per-
formances of the thermal storage canisters. 
It is already known to all that thermal conductivity 
of PCM can be enhanced by packing with foamed-Ni.  
According to Refs.[19]-[20], the effective thermal 
conductivity of the composite PCM packed with 
foamed metal can be calculated by 
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where λc is the effective thermal conductivity of com-
posite PCM, λr the thermal conductivity of PCM, λm 
the thermal conductivity of foamed metal and ε the 
porosity ratio of foamed metal. 
In this study, continuous foamed-Ni with a porosity 
ratio of 0.95 and a thermal conductivity of 90.7 
W/(m·K) is filled  into paraffin wax with a phase- 
change temperature of 60  and a thermal conducti℃ - 
vity of 0.558 W/(m·K). The effective thermal conduc-
tivity of the nickel/paraffin composite is increased to 
3.61 W/(m·K) according to Eq.(1). 
Capillary porous medium can be utilized to upgrade 
the void distribution in PCM. Liquid PCM dispersed in 
capillary pores manages to form more evenly distri- 
buted voids during solidifying thanks to the capillary 
pressures provided by capillary pores. The maximal 
capillary pressure provided by the porous medium is 
related to the capillary radius and the liquid surface 
tension coefficient by  
 c
2p
r
σΔ ≤                  (2) 
where Δ pc is the capillary pressure, σ the surface ten-
sion coefficient of liquid and r the capillary radius. 
In order to amend the void distribution, porous me-
dium with smaller pores should be chosen. Therefore, 
nickel foam material with a hole number of 110 PPI 
(capillary radius is about 0.5 mm) is used. 
3. Thermal Storage Experiments 
3.1. Canister design and fabrication 
Designed and manufactured indigenously, the annu-
lar thermal storage canister (see Fig.1) is made of alu-
minum alloy. It contains an inner wall, an outer wall 
and two endwalls. A number of canisters are connected 
in tandem to form a tubular passage, in which the 
working fluid flows. 
To investigate the amendment of void distribution 
and thermal performances by packing foamed-Ni, four 
PCM canisters are made. They are of the same con-
figuration, but differ from each other in the contents of 
package. Table 1 lists their specification. 
 
Fig.1 Schematic drawing of thermal storage canister. 
Table 1  Specification of four canisters 
Canister 
number
Mass of 
canister/g
Mass of nickel 
foam core/g 
Mass of paraf-
fin wax/g 
Total 
mass/g 
1 208.3 34.2 105.5 348.0 
2 208.1 33.4  85.0 326.5 
3 208.1 No core 105.5 313.6 
4 208.2 No core  85.0 293.2 
During manufacturing PCM canisters, the prefabri-
cated components shown in Fig.1 inclusive of inner 
walls, outer walls and lower endwall are assembled 
and welded together to form open-end type products. 
The continuous foamed-Ni, which has been cut in 
suitable size and rolled up into core-packages, is then 
inserted into the open-end canister together with a pre-
scribed weight of paraffin and sealed by the upper 
endwall. The upper endwall is bonded to the open-end 
canister by means of a heat-resisting binder, and be-
cause of the low ignition temperature of paraffin, it 
rejects the adoption of welding as a sealing approach. 
Fig.2 illustrates the finished hermetically sealed canis-
ters. 
 
Fig.2  Photo of finished PCM canisters. 
3.2. Facility description 
Fig.3 displays the thermal storage experimental sys-
tem, which comprises four subsystems for supplying 
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water, heating water, thermal storage and data acquisi-
tion respectively. The heat absorbing and releasing 
experiments on the thermal storage canisters are car-
ried out in the Laboratory of Man-machine Environ-
ment Engineering, Beijing University of Aeroautics 
and Astronautics. During heat absorbing, water from 
the supply subsystem is heated by the heating system 
and flows through the tube made up of inner walls of 
PCM canisters to heat the paraffin wax in the PCM 
canisters. When the temperature differences between 
three PT100 thermometers on a PCM canister become 
nearly stable with a rate of change less than 0.1 °C/min, 
the paraffin wax in this canister is assumed to melt 
through and the heat absorption in this canister is 
completed. And while all four canisters finish heat 
absorption, the water heating subsystem is turned off 
and, meanwhile, the experiment is turned to the next 
step—heat releasing. In this case, the cold water flows 
directly through the tube to entrain the heat. In this 
time, paraffin wax freezes and releases latent heat. 
 
Fig.3  Block diagram of thermal storage experimental sys-
tem. 
As an adoption of only one instant electric water 
heater is found to be deficient in lower water tempera-
ture (<65-70 °C) and significant fluctuation, a more 
complicated water heating system besides an instant 
electric water heater, contains an air compressor, an 
electric stove, a power regulator with a reactive circuit 
and a gas-liquid heat exchanger. The cold water is first 
heated to about 65 °C by the instant electric heater, and 
further heated to the target temperature 80 °C when it 
flows through the gas-liquid heat exchanger by the aid 
of high-temperature and high-pressure air. The air is 
heated in the electric stove, where the heating power is 
controlled automatically by the power regulator ac-
cording to the feedback water temperature. During 
heat releasing, the cold water remains about 22 °C 
without the help of heating. 
The data acquisition system consists of PT100, 
ADAM-4000 and a computer for industrial use (see 
Fig.4). Twelve PT100 thermometers are placed sepa-
rately on the top, middle and bottom surfaces of each 
canister; and other three on the surface of the water 
tube between each two canisters, to monitor the tem-
perature drops along the tube. All thermometers are 
connected to the ADAM-4000 modules to display the 
temperature data and record them on the computer 
 
Fig.4  Photos of thermal storage experimental system. 
furnished with the industrial control software King 
View. 
After heat absorbing and releasing experiments, the 
PCM canisters are scanned by a CT scanner and for 
each of them the void distribution of paraffin wax is 
imaged on five parallel sections spaced by 10 mm (see 
Fig.1). The CT scanner used here is of the industrial 
type with a power of 450 kV, spatial resolution of 3.3 
lp/mm and density resolution of 0.3 %. 
4. Results and Discussion 
4.1. Heat absorbing and releasing experiments 
Several heat absorbing tests are run under different 
water temperatures and the data are gathered  at a 
sampling frequency of 1 s. Figs.5-7 illustrate the 
time-dependent temperature curves of a typical test  
where the water temperature is 80 °C in absorbing  
process and 22 °C in releasing process.  
In Fig.5, Tw,1, Tw,2 and Tw,3 are the temperatures reg-
istered with three PT100 thermometers on the surface 
of the tubular passage for flowing water. As is shown, 
the average difference between Tw, 1 and Tw, 2 is 0.29 °C 
and that between Tw, 2 and Tw, 3 0.20 °C. The closest 
affinities between the averaged values allow us to con-
clude that the four canisters are under the same work-
ing condition. Fig.6(a) shows the transient temperature 
responses of PT100 thermometers on Canisters 1 and 3, 
while Fig.6(b) those on Canisters 2 and 4. Fig.7 shows 
the variation of calculated maximum temperature dif-
ferences (ΔT) in Canisters 1 to 4. 
 
Fig.5  Time-dependent temperature curves of three PT100 
thermometers on surface of water tubular passage. 
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Fig.6  Time-dependent temperature curves of Canisters 1  
to 4. 
 
Fig.7  Temperature differences in Canisters 1 to 4. 
As the voids are distributed generally close to the 
top of canisters, the temperatures there would be more 
likely to be influenced by the void distribution. While 
the bottom of canister is always in contact with the 
paraffin wax, the temperature there could represent the 
thermal response of the canister. From Fig.6, the ther-
mal responses of the improved Canisters 1 and 2 are 
better in general than the unimproved Canisters 3 and 
4, although similar and even kind of worse at the 
beginning of both heat absorbing and releasing 
processes. It is because the sensible thermal capacity 
of foamed-Ni package affects the thermal response and 
counteracts the enhancement of increased thermal 
conductivity, especially at the beginning of absorbing 
and releasing processes subject to rapid temperature 
changes. From Fig.7, it is understood that in Canisters 
1 and 2, the temperature differences at heat absorbing 
and releasing processes are smaller than those in Can-
isters 3 and 4. This attests to the improvements the 
improved PCM canisters have gained in terms of 
thermal response and temperature uniformity. 
The time for phase-change (melting or freezing) is 
one of the most important parameters in designing 
phase-change thermal storage systems. Fig.8 shows the 
variation of melting times in Canisters 1 to 4 as a func-
tion of water temperature. It is discovered that the 
melting time decreases as water temperature increases, 
and further, the melting times in Canisters 1 and 2 are  
always shorter than those in Canisters 3 and 4. Melting 
times in Canister 1 are 1.43, 1.28 and 1.13 times 
shorter than that in Canister 3 at water temperatures of 
70 °C, 75 °C and 80 °C respectively, while in Canister 
2, they are 1.38, 1.27 and 1.11 times shorter than that 
in Canister 4. It stands to reason that the improvement 
of packing foamed-Ni in PCM canisters can greatly 
decrease the time for phase-change.  
 
Fig.8  Melting time versus water temperature in Canisters 1 
to 4. 
4.2. Void distribution analysis 
The void distributions of Canisters 1 to 4 are ana-
lyzed with the help of CT scanner (see Fig.9) and some 
concluding remarks can be made as follows:  
 
· 310 · Xu Weiqiang et al. / Chinese Journal of Aeronautics 23(2010) 306-311 No.3 
 
 
Fig.9  Void distribution images of Canisters 1 to 4. 
1) All voids in a canister generally distribute close 
to its top due to the gravitational effects. 
2) Most voids are found to be located in the middle 
of distances between canister walls in both vertical and 
radial directions. This is because the walls made of 
Al-alloy have higher thermal conductivity than paraf-
fin wax, the temperature there declines faster in heat 
releasing process, which makes paraffin wax start to 
solidify right from the walls and voids only can appear 
some distance away. 
3) Void distributions in Canisters 1 and 2 seem 
wider than in Canisters 3 and 4 under the effect of 
capillarity of foamed-Ni package.  
It is conceivable that more noticeable enhancement 
in void distribution would be expected in space flight 
because  under the microgravity in space the influ-
ence of gravity is sure to be so weakened that the 
capillarity of foamed-Ni might become the decisive  
factor in affecting void distribution. As a result, the 
thermal performances of PCM canisters would be fur-
ther ameliorated.  
5. Conclusions 
Improved foamed-Ni-packed thermal storage canis-
ters have been designed and manufactured based on 
the in-house academic achievements. Heat absorbing 
and releasing experiments have been carried out on 
both improved and unimproved canisters. The varia-
tions in the temperature of the canisters are displayed 
by platinum resistance thermometers (PT100) and 
logged by data acquisition module (ADAM-4000). 
Void distributions in the canisters have been scanned 
by a CT scanner after experiments. A comparison 
made between the improved and the unimproved can-
isters has proved the former is superior to the latter in 
more even void and temperature distribution as well as 
thermal responses. It is believed that the conclusions 
are also valid for space applications under mi-
cro-gravitational conditions.  
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